We analyzed, by restriction endonuclease mapping and electron microscopy, the genome of the lytic Rhodopseudomonas sphaeroides-specific bacteriophage RS1 and characterized it as a linear molecule of approximately 60 to 65 kilobases. When the DNA from purified phage particles was examined by several independent methods, considerable size heterogeneity was apparent in the RS1 DNA. This size heterogeneity was concluded to be of biological origin, was independent of the specific host strain used to propagate virus, and was not due to the presence of host DNA within or nonspecifically associated with purified virions. In addition, treatment of RS1 DNA with either BAL 31 nuclease or DNA polymerase I Klenow fragment revealed that several distinct regions exist within the viral chromosome which contain free 3' hydroxyl groups. A restriction endonuclease map of the RS1 genome was constructed by using the restriction endonucleases EcoRI, ClaI, KpnI, BamHI, MluI, SmaI, and Bcll; thereby allowing the positioning of some 40 restriction sites within the viral genome. The results are discussed in terms of the significance and the possible biological origin of the unique features discovered within the phage RS1 DNA.
Members of the family Rhodospirillaceae represent a group of gram-negative facultatively photosynthetic bacteria uniquely suited to studies of the environmental regulation of gene expression due to the ability of these organisms to grow under a variety of defined physiological conditions (21) . The DNA of these bacteria is characterized by a relatively high mole percent guanine plus cytosine content (approximately 65 to 70% [22] ), and differences exist, at least in the transcriptional regulation of gene expression, between these and other gram-negative bacteria such as Escherichia coli (4) . Therefore, elucidating the factors responsible for the differential expression of specific groups of physiologically controlled genes in these organisms has significance not only for the photosynthetic bacteria themselves but also as a model for other organisms such as Caulobacter spp. (23) , Myxococcus spp. (27) , and members of the genus Streptomyces (2) , which have similar DNA base compositions.
The development of a cell-free transcription-translation system from the photosynthetic bacterium Rhodopseudomonas sphaeroides has shown that DNA from the R. sphaeroidesspecific phage RS1 is expressed with fidelity by these extracts but that a similar cell-free system from E. coli does not express RS1 DNA (4). We have continued our studies with the R. sphaeroides lytic bacteriophage RS1 to develop this as a model system with which to study the factors controlling the temporal regulation of gene expression during phage infection. Although relatively little is known of the molecular events surrounding infection by RS1 (1), early and late phage gene products have been identified during RS1 infection (4) . Further, the gene products synthesized in vitro by using an R. sphaeroides cell-free transcription-translation system derived from uninfected cells coincide with those present early in phage infection as judged by two-dimensional electrophoresis (T. J. Donohue, J. Chory, and S. Kaplan, unpublished observations). In an attempt to identify specific regions of the RS1 genome which code for temporally regulated gene products, we have analyzed the phage RS1 DNA and constructed a restriction endonuclease map of the viral chromosome. Both restriction endonuclease analysis and electron microscopy indicated that the RS1 genome is a linear duplex molecule of approximately 60 to 65 kilobases (kb). During the course of this analysis we also observed that there was considerable complexity within the DNA molecules packaged into virions during RS1 infection. Our studies have indicated that the DNA isolated from highly purified RS1 phage particles exists as a heterogenous population of differently sized molecules which has regions containing singlestranded nicks or gaps nonrandomly located throughout the genome. To our knowledge, this is the first report of such a phenomenom within wild-type bacteriophage DNA.
MATERIALS AND METHODS
Growth of bacteria and bacteriophage. Table 1 lists the bacterial and phage strains used in this study. R. sphaeroides strains were grown aerobically in Sistrom minimal medium (4) , either on a Gyrotory shaker or by sparging a liquid culture with a mixture of 25% 02, 74% N2, and 1% CO2. When necessary, adenine was included in the medium at a final concentration of 50 ,ug/ml for growth of R. sphaeroides 7001.
Phage titers were estimated by plating virus under aerobic conditions with soft agar (0.7%) overlays of media containing (per liter) 5 g of yeast extract, 3 g of peptone, 0.1 g of NaCl, 0.6 g of MgSO4 * 7H20, 0.22 g of CaC12 * 2H20 (final pH, 7.0). Approximately 5 x 107 CFU of R. sphaeroides was used per plate, and phage were allowed 15 to 20 min for absorption before the addition of molten top agar for plating. Liquid lysates were prepared essentially as described by Abeliovich and Kaplan (1) except that the initial multiplicity of infection was 0.1 to 0.2 and each liter of phage-infected (12 to 16 h postinfection) cells were treated with 10 ml of (6) .
Bulk R. sphaeroides DNA was prepared as previously described (18) . DNA concentrations were estimated by absorbance measurements at 260 nm, assuming that 1 U of optical density at 260 nm is equivalent to 50 jig of duplex DNA (6) .
Analysis of DNA preparations. DNA molecules were routinely separated by electrophoresis in either 0.6 or 1.0% agarose gels (6) . Treatment striction fragments produced when the RS1 DNA was sequentially treated with more than one restriction enzyme (see restriction map in Fig. 7 ). The average size of the RS1 genome calculated from the restriction digests summarized in Table 2 is 65.8 ± 1.8 kb. For reasons discussed below, these estimates were obtained by considering only those restriction fragments which have ethidium bromide fluorescence indicative of their presence in relatively high amounts and not those restriction fragments which would appear to represent incomplete RS1 DNA digestion products (such as the faint high-molecular-weight band above restriction fragment A in the MIul digest of RS1 DNA in Fig. 1 , lane 5). Despite the fact that the relative fluorescence of several individual restriction fragments derived from RS1 DNA (e.g., EcoRI restriction fragment E) might suggest the presence of more than one copy of this restriction fragment per RS1 genome, we have (for reasons summarized below) only considered these as representing a single restriction fragment in our estimates of the RS1 genome size. Close examination of the sample of undigested phage RS1 DNA in lane 12 of Fig. 1 revealed considerable UV fluorescent material present as discrete lower-molecular-weight DNA molecules separable on a 1% agarose gel. Size heterogeneity of this nature has been present in every preparation of phage RS1 DNA we have isolated with no significant variation in the extent of the heterogeneity from one phage lysate to the next (data not shown).
Considerable background fluorescence, similar to that noted in the undigested RS1 DNA sample, is evident as discretely sized DNA molecules in several of the digested RS1 DNA samples (most notably lanes 5, 6, 8, 10, and 11 in Fig. 1 ). These samples represent those in which the restriction endonuclease used has few cleavage sites within the phage RS1 DNA. The UV fluorescent intensity of the molecules in these samples plus several others (Fig. 1 , lanes 3, 4, and 7) could be due to incomplete digestion of the phage RS1 DNA molecules. However, given the precise nature of the size heterogeneity found within the undigested phage RS1 DNA (to be discussed in more detail below), it is probable that these molecules do not represent partial digestions of full-sized phage RS1 DNA; rather, we believe that those molecules with less fluorescence are the result of the action of the restriction endonuclease in question on the less-than-full-sized RS1 DNA copy numbers within the RS1 DNA population. These observations suggest that the lower-molecular-weight DNA in the undigested RS1 DNA sample contains a representative or random distribution of the restriction sites contained within a full-length RS1 genome (see below).
To ascertain whether the size heterogeneity within the RS1 DNA preparation is of biological origin, DNA from RS1 and XcI857 was isolated separately and in combination by the procedures described above. These samples were subsequently analyzed on 0.6% agarose gels to more accurately visualize the extent of the size heterogeneity within the DNA preparations. The size heterogeneity within the phage RS1 DNA is pronounced, with a series of discrete-sized DNA molecules as small as 20 kb detectable by UV fluorescence alone (Fig. 2) . The size heterogeneity within the phage RS1 DNA was independent of the DNA extraction protocol used (phenol extraction versus proteinase K-SDS versus SDS-EDTA; Fig. 2 ), and no size heterogeneity was observed when XcI857 DNA was prepared by the same extraction protocols. Control experiments showed that colysis of XA 1857 and RS1 phage particles did not affect the RS1 DNA, nor did it result in degradation of the XcI857 DNA (data not shown). Thus, it would appear that the size heterogeneity within the RS1 DNA was not due to degradation of or damage to the RS1 DNA during phage DNA extraction.
An alternative explanation is that there is nucleic acid absorbed to the RS1 virion which remains associated with the phage particles during purification. When intact XcI857 or RS1 virions were treated with DNase and RNase before extraction of the phage DNA with phenol, no significant change in the electrophoretic mobility of either DNA sample was observed (Fig. 3) . The amount of DNase used was sufficient to digest 3 ,ug of purified XcI857 DNA during a 30-min incubation period (Fig. 3, lane 3) . Additional experiments showed that the nuclease treatment had no detectable effect on the EcoRI digestion of either XcI857 or RS1 DNA derived from nuclease-treated virions (data not shown). Finally, these results indicate that the RS1 capsid is not leaky to external nucleases. Therefore, we have concluded that the size heterogeneity of the RS1 DNA is of biological origin.
A sample of RS1 DNA was nick translated and hybridized to intact RS1 DNA, EcoRI-digested RS1 DNA, and bulk R. sphaeroides 2.4.1 (host) DNA digested with different restriction endonucleases to ascertain whether the source of the heterogeneity within the RS1 DNA was from contaminating chromosomal DNA packaged into virions during infection. The results (Fig. 4) DNA (prepared via phenol extraction) was hybridized to RS1 DNA prepared by the other isolation techniques described in the legend to Fig. 2 (data not shown) . When a similar analysis was performed with nick-translated XcI857 DNA, no degraded XcI857 DNA was detectable when XcI857 virions were lysed alone or concomitantly with RS1 virions (data not shown).
RS1 host specificity. In the initial description of R. sphaeroides bacteriophage RS1, Abeliovich and Kaplan (1) reported that phage propagated in strain 2.4.1 [hereafter referred to as RS1 (2.4.1)] were able to infect wild-type R. sphaeroides L but were unable to plaque on strains such as M29-5. We have extended the analysis of RS1 host range specificity, and Table 3 lists the relative titers of various bacteriophage preparations on several R. sphaeroides strains.
The relative plating efficiency of RS1 (2.4.1) phage particles on wild-type strains Y and CU-1 were consistent with restriction of the RS1 (2.4.1) DNA by these strains. When Infection of strain 7001 with RS1 (2.4.1) resulted in a plating efficiency of approximately 1 ( Table 3) . The results shown in Table 3 would be expected if the inability of RS1 (2.4.1) to plaque on strain 630 were due in part to the presence of the RsrI restriction system. Although the data presented in Table 3 are typical of the response produced by host restriction of bacteriophage infection (11), RS1 DNA isolated from virus propagated on R. sphaeroides 7001 appeared identical to that obtained from RS1 (2.4.1) when analyzed on 0.6% agarose gels (data not shown), suggesting that the size heterogeneity within the RS1 DNA described above was independent of the host restriction system (14) .
Electron microscopy of lIS1 DNA. Figure 5 shows an electron micrograph of a preparation of RS1 DNA. In agreement with previously discussed experiments, electron micrographs such as the one shown indicate that there was size heterogeneity within the RS1 DNA. It was also revealed that the RS1 genome was linear, with the size of the largest molecule shown in the micrograph in Fig. 5 being 62. 2 kb. samples shown were prepared for electron microscopy by an aqueous spreading technique (7) , and the contour length was measured as described in the text. DNA) wholly contained within electron micrographs similar to that shown in Fig. 5 . In general, the approximate sizes of those DNA molecules present at higher frequencies coincided with the sizes of small DNA molecules which gave rise to the discrete hybridization signals in the Southern blot analysis shown in Fig. 4B , lane 8 (see arrows to right of panel). Finally, the average size of the seven largest RS1 DNA molecules (>59 kb) was 61.4 ± 2.5 kb, which agrees well with the value of 65.8 ± 1.8 kb obtained for the RS1 genome size from the restriction endonuclease analysis summarized in Table 2 .
The electron microscopic analysis revealed a predominance of relatively small molecules (<5.0 kb) within the RS1 DNA sample. It should be noted that this analysis only includes molecules wholly contained within randomly selected fields at magnifications high enough to yield reliable contour length measurements of the XX174 replicative form DNA. This fact introduces a bias in the analysis of the DNA moelcules present within a given population of RS1 DNA molecules since it is more probable at this magnification to have smaller DNA molecules wholly contained within randomly selected fields than to have full-length RS1 DNA molecules. In addition, despite the fact that the seven full-length RS1 DNA molecules measured represented only 2% of the total DNA molecules analyzed, they accounted for 19% of the total length of RS1 DNA analyzed by this technique. Physical map of RSl DNA. Figure 7 shows a restriction endonuclease map of the RS1 genome for eight restriction endonucleases with six base recognition sequences. Sequential restriction endonuclease digestions were used to place individual restriction sites for one restriction enzyme within a given restriction fragment until most of the larger restriction fragments were mapped relative to each other. In addition, nick-translated RS1 EcoRI restriction fragments were hybridized to Southern blots of RS1 DNA digested with the restriction endonucleases shown in Fig. 7 to confirm the order and presence of restriction sites internal to the remaining restriction fragments.
The identity of the ends of the RS1 genome was confirmed by treating EcoRI-digested RS1 DNA with T4 DNA ligase at dilute DNA concentrations which favored circularization of the individual restriction fragments upon themselves (15 ments as the ends of the RS1 genome by more traditional techniques such as end labeling with T4 polynucleotide kinase (data not shown) or treatment with the nuclease BAL 31 (see below) were unsuccessful. However, the results of these experiments (presented below) were enlightening for their analysis of the physical state of the RS1 genome. Figure 8 shows the results of an experiment in which undigested and EcoRI-digested XcI857 or RS1 DNA was treated with DNA polymerase I Klenow fragment in the (Fig. 8B, lane 3) , whereas the only XcI857 EcoRI restriction fragments which were labeled with [a-32P]dCTP (Fig. 8B, lane 4) were those which represent the left and right arms of the XcI857 genome (6) . When the identical experiment was performed with RS1 DNA, it was found that the undigested DNA incorporated more label with [a-32P]dATP than with [a-32P]dCTP (Fig. 8D, cf. lanes 1 and  2) . Also, the labeling pattern obtained with the undigested RS1 DNA when either a-labeled deoxynucleoside triphosphate was used mimicked the size heterogeneity within the RS1 DNA visualized by UV fluorescence, suggesting that the majority of these molecules contained regions into which deoxynucleotides could be polymerized with the 5'-to-3' activity of DNA polymerase I Klenow fragment. In addition, when EcoRI-digested RS1 DNA was treated under identical conditions, the RS1 EcoRI restriction fragments A, C, D, and E were labeled with [a-32P]dCTP (Fig. 8D, lane 4) . Since the cohesive ends produced by EcoRI activity are devoid of guanine residues, the incorporation of [aL-32P]dCTP into these restriction fragments must be due to the activity of the DNA polymerase I Klenow fragment on 3'-hydroxyl groups internal to these restriction fragments. Although the results obtained precluded the identification of the ends of the RS1 genome by this analysis, our interpretation of the results of this experiment is that the RS1 EcoRI restriction fragments A, C, D, and E contain single-stranded nicks or gaps producing 3' hydroxyl groups. The labeling pattern obtained with XcI857 DNA prepared by the identical method suggested that the results obtained for the phage RS1 DNA are of biological significance. Figure 9 shows the results obtained when BAL 31 nuclease was used in an attempt to identify the ends of the RS1 genome. Because of its exonuclease activity on doublestranded DNA (13) , BAL 31 nuclease is commonly used to digest the ends of linear duplex DNA molecules for the purpose of creating blunt-end molecules or for mapping the ends of linear duplex DNA molecules (15) . BAL 31 nuclease preparations also contain endonuclease activities specific for single-stranded DNA which digests such DNA across from a nick in a double-stranded DNA molecule (10, 12) . The amount of BAL 31 nuclease used in these experiments (1.12 U/,ug of DNA) was sufficient to hydrolyze approximately 100 base pairs of duplex DNA per min based on the specifications of the manufacturers. As expected there was very little change in the mobility of the intact XcI857 DNA over the 10-min incubation (Fig. 9A) , although it was possible to see a slight increase in the amount of lower-molecular-weight UV fluorescent material as a function of time. When EcoRIdigested XcI857 DNA was treated under identical conditions, there was a size-and time-dependent degradation of the individual XcI857 restriction fragments of the magnitude expected based on the amount of BAL 31 used (Fig. 9C) . Similar treatment of an equivalent amount of intact RS1 DNA with the same amount of BAL 31 nuclease resulted in the very rapid disappearance (by 1.0 to 1.5 min) of the larger DNA species visualized by UV fluorescence (Fig. 9B) . The kinetics of loss of RS1 DNA, when compared with the kinetics of degradation of the XcI857 DNA, were too rapid to be explained by the action of BAL 31 nuclease from single sites at the ends of the linear RS1 DNA molecule. The products of BAL 31 nuclease treatment of RS1 DNA (Fig.  9B) appear to correspond to several of the lower-molecularweight DNA species present in the untreated RS1 DNA sample, although neither the identity of the products nor a precursor-product relationship has been rigorously demonstrated by the experiments performed. In addition, the fact that the sum of the molecular weights of these early BAL 31 digestion products is considerably larger than the estimated genome size of RS1 DNA suggests that individual DNA molecules within an RS1 DNA population do not all have the same set of BAL 31-sensitive sites. Further experiments are necessary to test both of these hypotheses.
Finally, when EcoRI-digested RS1 DNA was treated with BAL 31 nuclease, the EcoRI restriction fragments A, C, and D were rapidly digested relative to the loss of either similarly sized XcI857 EcoRI restriction fragments or the RS1 EcoRI fragment restriction B (Fig. 9D) . Thus, the results shown in Fig. 9 precluded the eventual use of BAL 31 nuclease to identify the phage RS1 DNA ends. However, the fact that three of the four RS1 EcoRI restriction fragments which were labeled with [a-32P]dCTP in the presence of DNA polymerase I Klenow fragment (Fig. 8 ) also exhibited hypersensitivity to BAL 31 nuclease digestion (Fig. 9) suggested that the putative single-stranded nicks or gaps within these RS1 EcoRI restriction fragments which serve as priming sites for the DNA polymerase I Klenow fragment provided additional sites for digestion of these restriction fragments by the mixture of nuclease activities present in commercial preparations of BAL 31 nuclease (10, 12, 13) .
The experiments shown in Fig. 10 were performed to further analyze and characterize the putative single-stranded nicks or gaps within the RS1 DNA. The data shown indicate that heating of the RS1 DNA (65°C, 1 h, low salt) followed by phenol extraction resulted in a significant alteration of the electrophoretic mobility of the RS1 DNA on 0.6% agarose gels (Fig. 10, lanes 3 through 6) . The finding that the relative amount of high-molecular-weight RS1 DNA was diminished by this treatment and resulted in an increase in the amount of low-molecular-weight RS1 DNA visualized by UV fluorescence suggests that this treatment denatures the highmolecular-weight RS1 DNA at the regions which are bounded by the single-stranded nicks or gaps identified in the experiments depicted in Fig. 8 and 9 . Control experiments have shown that treatment of the same preparation of RS1 DNA with SDS (0.5%, 65°C, 1 h, low salt) or a combination of SDS and proteinase K under identical conditions did not result in an increased loss in the high-molecular-weight DNA (data not shown) and were as described for lanes 3 and 4 of Fig. 10 . We interpret these results to mean that proteins are not involved in stabilizing the RS1 DNA at or near the regions of single-stranded nicks or gaps within the viral chromosome. Finally, the sensitivity of RS1 DNA, relative to that of bacteriophage K DNA, to formamide treatment (Fig. 10 , cf. lanes 7 and 8 with 13 and 14) indicated that the RS1 DNA exhibits hypersensitivity to formamide denaturation. Thus, all the results are consistent with the existence of regions of single-stranded nicks or gaps within both strands of the RS1 genome which are stabilized, presumably, by complementary base-pairing. DISCUSSION We have analyzed the genome of the R. sphaeroides lytic bacteriophage RS1 and found it to be a linear molecule of approximately 60 to 65 kb. To our knowledge, although several other phages specific for the photosynthetic bacteria have been identified (see references 16 and 20 for recent reviews), this report represents the first analysis of the DNA from a bacteriophage which infects a member of the family Rhodospirillaceae.
The data presented point to several unusual properties of the RS1 genome. The size heterogeneity within RS1 DNA preparations was not due to the nonspecific association of nucleic acid with purified phage particles, to phage capsids which are permeable to external nucleases, or to the packaging of chromosomal DNA into phage heads during infection. This latter observation is consistent with our inability to use RS1 as a generalized transducing phage for R. sphaeroides (unpublished data). The was not due to the method of DNA isolation, since identical results were obtained regardless of the means of phage lysis. Likewise, the isolation of XcI857 DNA alone or together with RS1 never resulted in detectable degradation of the XcI857 DNA. All the data presented are thus consistent with the hypothesis that the size heterogeneity of the RS1 DNA is of biological origin. Recent experiments with E. coli bacteriophage T4 have shown that several mutants of T4 package discretely sized DNA fragments of between 2 and 20 kb into phage heads (3) . Genetic analysis has implicated specific nucleases in fragmentation of the T4 genome, and some sequence specificity within the fragments has also been identified (3). The biological origin of the size heterogeneity within the packaged RS1 DNA is not known at this time, and the answer to this question possibly awaits the isolation of a battery of RS1 mutants. Questions of sequence specificity within the smaller DNA fragments contained within RS1 virions remain to be analyzed rigorously. The observation that the size heterogeneity within the RS1 DNA was not significantly affected by the bacterial host used suggests that this heterogeneity was not due to a specific host restriction endonuclease system within R. sphaeroides. In addition, results of preliminary experiments in which several of the cloned RS1 EcoRI restriction fragments (C and E through I) were nick translated and hybridized to Southern blots containing undigested RS1 DNA suggest that there is no preference for specific regions of RS1 DNA to be represented in the smaller DNA fragments (data not shown). The pattern of UV fluorescent material obtained with several of the restriction endonucleases used to analyze the RS1 DNA in Fig. 1 also suggests a lack of sequence specificity within the smaller RS1 DNA molecules present in virions.
Other experiments indicate that there are regions which contain either single-stranded nicks or gaps within the RS1 genome. The data obtained with DNA polymerase I Klenow fragment and the susceptibility of individual RS1 EcoRI restriction fragments to BAL 31 nuclease suggest that these regions occur at a minimum within EcoRI restriction fragments A, C, D, and E. These four restriction fragments represent approximately 65% of the RS1 genome. Studies are currently in progress to determine whether these 3' hydroxyl groups are localized within specific regions of these restriction fragments or on one particular strand of the RS1 DNA, as is the case for the gaps found within one strand of E. coli wild-type bacteriophage T5 DNA (17, 24) . The data presented in this paper would strongly suggest that the single-stranded nicks or gaps within the RS1 DNA occur at a much higher frequency than those in either the wild type or mutants of T5 with increased frequencies of single-stranded chain interruptions (25) . Unfortunately, the spreading techniques used for electron microscopy of the phage RS1 DNA did not allow analysis of the RS1 DNA at this level; however, the results of the formamide treatment of the RS1 DNA might indicate that these single-stranded regions are interspersed in both strands of the RS1 DNA.
Although we are not currently in a position to precisely explain the biological source or the nature of either the size heterogeneity or the location of the 3' hydroxyl groups within individual strands of the RS1 DNA, we can make several statements relative to these phenomena. The results of both the BAL 31 nuclease and DNA polymerase I Klenow fragment end-labeling experiments suggested that the RS1 EcoRI restriction fragment B contains few internal 3' hydroxyl groups relative to the level of these groups in the remainder of the RS1 DNA. Thus, it would appear that these single-stranded nicks or gaps are not totally randomly dispersed throughout the RS1 genome. Also, the apparent periodicity in discretely sized classes of smaller RS1 DNA molecules visualized by electron microscopy, Southern blot analysis, and UV fluorescence of undigested RS1 DNA indicates that the size heterogeneity within the RS1 DNA is not due to random breaks within the RS1 genome. Thus, the data presented suggest that the RS1 genome exists as a segmented molecule within the virion. Stabilization of the phage DNA in virions is most likely via complementary base pairing, since the experiments presented in Fig. 10 would rule out the existence of protein molecules noncovalently attached at or near the internal 3' hydroxyl groups. Obviously, much more work is required to test the feasibility of all of these hypotheses.
Despite the complexity found within the RS1 DNA, we were able to map the ends of the phage genome and construct a restriction map for the eight restriction enzymes shown in Fig. 7 . The precise nature of the ends of either the full-length or the smaller fragments of RS1 DNA are not known at this time, but the fact that the electrophoretic behavior of untreated RS1 DNA on 0.6% agarose gels was unaffected by heating or incubation with T4 DNA ligase (with or without prior treatment with DNA polymerase I Klenow fragment) implies that the ends of the RS1 DNA are not blunt and do not contain cohesive regions which can be annealed by rapid cooling or ligation (data not shown). This latter observation is significant, for if the segmented state of the RS1 genome were due to the action of a nuclease with sequence specificity similar to that of a type I restriction endonuclease, one would expect the electrophoretic behavior of the RS1 DNA to be appreciably altered after treatment with T4 DNA ligase.
It should be noted that the positions of many of the restriction sites shown in Fig. 7 have been independently confirmed by analysis of the RS1 EcoRI restriction fragments C and E through L which have been cloned (T. J. Donohue, J. Chory, and S. Kaplan, unpublished data). In addition, although the ethidium bromide fluorescence pattern obtained for individual restriction endonuclease digests of phage RS1 DNA might suggest that some individual restriction fragments (such as EcoRI restriction fragment E in Fig. 1) were present in more than one copy per RS1 genome, both Southern blot analysis and the analysis of at least five independent clones containing the EcoRI restriction fragment E were not consistent with this conclusion (data not shown). The unexpectedly high ethidium bromide fluorescence of some individual restriction fragments could be explained by nonequivalent intercalation of ethidium bromide within those restriction fragments which appear to have single-stranded nicks or gaps (see above).
The estimated size of the full-length RS1 genome (approximately 60 to 65 kb) determined via electron microscopy or restriction endonuclease mapping in this study is significantly larger than the value of 3.0 x 107 to 3.5 x 107 daltons (45 to 53 kb) originally determined from sucrose density gradient or thermal renaturation analysis of sheared RS1 DNA by Abeliovich and Kaplan (1). However, given the unknown complexity within the RS1 DNA sample analyzed in the previous study (size heterogeneity, regions of singlestranded nicks or gaps), it is difficult to predict how accurate these previous estimates could have been. For example, individual techniques we used to analyze the RS1 DNA are biased for the detection of molecules of different sizes (i.e., ethidium bromide fluorescence and Southern blot analysis display a bias for detection of larger DNA fragments, whereas electron microscopy has a bias towards smaller DNA molecules, which will have a greater chance of being wholly contained within a randomly selected visual field). Thus, the analysis of the RS1 DNA performed previously may have resulted in the measurement of a size for the phage RS1 DNA which was a composite of the distribution of DNA molecules present within an average DNA population obtained from one preparation of phage particles.
In summary, we have analyed the DNA packaged within virions of the R. sphaeroides lytic bacteriophage RS1 and constructed a restriction endonuclease map of this phage genome. The utility of this information to answer questions of temporal regulation of gene expression during phage infection in R. sphaeroides is highlighted by our recent identification of specific cloned EcoRI restriction fragments of RS1 DNA which contain promoters and structural genes for early and possibly late phage gene products by using the R. sphaeroides in vitro transcription-translation system (T. J. Donohue, J. Chory, and S. Kaplan, unpublished data).
